Introduction
Cytosine arabinoside (Ara-C) is a pyrimidine antimetabolic chemotherapeutic agent used to treat acute myelogenous leukemia. 1 However, high doses of Ara-C are cytotoxic and cause serious side effects, which especially include hepatotoxicity and neurotoxicity, [2] [3] [4] thus greatly limiting its application. To solve these problems, drug delivery systems have been used. In recent years, magnetic drug targeting has been one of the most active fields in cancer therapy. Magnetic targeted drug delivery systems and magnetic nanoparticles are widely studied, [5] [6] [7] [8] [9] [10] but most research has addressed the synthesis of magnetic nanoparticles by pure chemical or physical methods. The application of these magnetic nanoparticles has been hampered by various problems, such as dispersion difficulties, poor control of shape or size, and low drug-loading capability. Recently, new natural magnetic nanoparticle carriers called magnetosomes, derived from bacteria, have aroused interest.
Bacterial magnetosomes (BMs) are membrane-bound nanocrystals with a magnetic iron oxide or iron sulfide core, synthesized by magnetotactic bacteria. 11, 12 The particle size is generally distributed between 25 and 55 nm. As the nanocarrier of a targeting drug, BMs have many advantages in medical applications, including narrow size Because BMs possess a natural membrane consisting of lipids and abundant amino groups, a previous study has found that BMs can be used as drug carriers after introducing coupling reagents, such as glutaraldehyde. 15 Moreover, in order to improve the drug-loading ratio, a novel cross-linking method has also been investigated, through the surface modification of BMs by poly-l-glutamic acid (PLGA). 16 Because of the potential toxicity of glutaraldehyde, we have successfully prepared a BM drug delivery system that relies on genipin (GP), instead of glutaraldehyde, for crosslinking. 17, 18 GP is isolated from the fruit of the gardenia plant and has conspicuous therapeutic effects that are antitumor, antithrombus, anti-inflammation, and antidiabetes. In considering the effect of PLGA in this study, we tried to combine GP and PLGA as dual cross-linkers to increase the binding sites of Ara-C. The preparation and characterization as well as in vitro antitumor effects of Ara-C-loaded GP-PLGA-modified BMs (ABMs-P) were all investigated in this study.
Materials and methods

Materials
Magnetospirillum magneticum strain AMB-1 was purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA); Ara-C was purchased from Sunray Pharmaceutical Co., Ltd (Suzhou, People's Republic of China); GP was obtained from Zhixin Biotechnology Company (Fuzhou, People's Republic of China); and PLGA (3,000-15,000 Da) was provided by Sigma-Aldrich Corp (St Louis, MO, USA). All other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, People's Republic of China), unless otherwise specified. The human acute promyelocytic leukemia cell line, HL-60, was from the China Academy Typical Culture Preservation Committee Cell Library (Shanghai, People's Republic of China). The cell culture medium was composed of Iscove's Modified Dulbecco's Medium (IMDM) (Gibco; Life Technologies Corp, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (Gibco; Life Technologies Corp). All cells were incubated at 37°C in humidified air with 5% CO 2 .
Preparation of the ABMs-P Figure 1 shows the procedure for preparing ABMs-P. Firstly, AMB-1 cells were collected by centrifugation (10,000 rpm, 4°C, 10 minutes), then were suspended in phosphate-buffered saline (PBS) (pH 7.4) and disrupted by an ultrasonic cell crusher (300 W; on for 3 seconds with an interval of 5 seconds, repeated 100 times). The BMs were collected by a magnet bound to the bottom of the tubes, and cell debris was removed. The BM sediments were collected after being resuspended in PBS (pH 7.4) and treated with ultrasonic cleaning (40 W, on for 3 seconds with an interval of 5 seconds, repeated 50 times); this process was repeated five to ten times. The purification level could be evaluated using the following formula:
where A is the amount of protein (g/L), OD 280 is, and OD 260 C is. The value was measured by ultraviolet-visible (UV-vis) spectrophotometer. Secondly, 0.1 mg purified BMs were suspended in PBS (pH 7.4). The same amount of PLGA solution (1 mg/mL) was added to the BM suspension and then was treated with ultrasonic bathing (50 W, 5 minutes). Following the addition of GP solution (the concentration of GP in the mixture was 0.05%, 0.1%, 0.5%, and 0.8% respectively), the mixture was distributed by ultrasonic bathing (50 W, on for 1 minute with an interval of 5 minutes, repeated ten times). Then the mixture was placed in an incubator shaker at 60 rpm at 37°C for 12, 24, 48, and 72 hours to react completely.
Finally, the PLGA-modified BMs were then resuspended in PBS (pH 7.4), with the same addition of Ara-C solution (1 mg/mL) and 1-(3-dimethylaminopropyl)-3 -ethylcarbodiimide hydrochloride (EDC) solution (0.2 mg/mL), through sonication (50 W, on for 1 minute with an interval of 5 minutes, repeated ten times). The mixture was then incubated in a shaker at 60 rpm at 37°C for 12, 24, 48, and 72 hours. The resultant ABMs-P were collected and sterilized before use.
Morphology of the ABMs-P
The ABMs-P were washed by PBS and distilled water until no colors were observed, and then they were suspended in distilled water, using an ultrasonic bath. The BMs and the previous ABMs-P supernatant (15-20 µL) were dropped on cropper grids and examined by TEM. The zeta potential was measured by a Zetasizer (ZEN3600; Malvern Instruments Ltd, Malvern, UK). All assays were performed in triplicate. DTS version 5.00 for Windows (Malvern Instruments Ltd) was used for statistical analysis.
Examination of the ABMs-P by Fourier transform infrared (FTIR) spectroscopy FTIR spectra of the Ara-C, ABMs-P, and BM samples were pressed using KBr, and the pellets were recorded with a FTIR 
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Ara-C-loaded genipin-PLGA-modified bacterial magnetosomes spectrometer, in the wavenumber range of 4,000-400 cm The encapsulation efficiency and drug-loading of ABMs-P To eliminate superfluous Ara-C, GP, and PLGA, the ABMs-P were washed with PBS, in conjunction with magnetic absorption, until the supernatant solution revealed no color. The ABMs-P were evenly distributed in 5 mL PBS by ultrasonic bathing (50 W, 5 minutes). Then, 200 µL ABMs-P suspensions were removed and dissolved in 4.8 mL membrane-breaking liquid composed of 1.2 mL 36%-38% hydrochloric acid and 3.6 mL 70% ethanol solution, for 1 hour. The absorbance was calculated at the maximum absorption wave (283.5 nm), with the blank group treated with membrane-breaking liquid. The amount of Ara-C coupled to the BMs was represented, with the standard curve in 1:3 hydrochloric acid and ethanol solution, through the equation: 
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Liu et al where the value y is the concentration of Ara-C (µg/mL) and the value x is the absorbance of Ara-C in membrane-breaking liquid at 283.5 nm.
In accordance with China Pharmacopoeia (2010 version), 19 drug-loading and encapsulation efficiency were calculated by the following equation:
Encapsulation efficiency (%) = (W 1 /W 3 ) × 100% (4) where W 1 is the amount of Ara-C loaded on ABMs-P, W 2 is the amount of ABMs-P, and W 3 is the whole amount of Ara-C in the solution.
In vitro Ara-C-release studies
The Ara-C-release studies were tested in tubes placed in an incubator shaker at 60 rpm and 37°C. The Ara-C concentration in the supernatant of each tube was evaluated by UV-vis spectrometer after incubation for 0.5, 1, 12, 24, 36, or 48 hours. And then the same amount of PBS (2 mL) was added into the tubes. The concentration of Ara-C in the PBS was calculated through the following standard curve:
where the value y is the amount of Ara-C (µg/mL) and value x is the absorption of Ara-C in PBS at 271.4 nm. Thus, in vitro release studies were conducted. All assays were performed in triplicate.
Cell-Counting Kit-8 (CCK-8) assays
CCK-8 assays were used to determine the cytotoxicity response to different drug concentrations and incubation times. The BMs and purified ABMs-P were harvested, as described above. The samples of Ara-C, BMs, and ABMs-P were sterilized by Co 60 irradiation (7.5 kGy) before use. The Ara-C content with adequate IMDM medium for control was 0.2, 2, 10, and 50 µg/mL, respectively. BMs and ABMs-P were performed CCK-8 assay. The effects of drug dose and incubation time were investigated, respectively, as follows.
Dose-response study
First, 100 µL of the different Ara-C solutions was added sequentially to each well containing 100 µL cell suspension (the concentration of Ara-C was 0.2, 2, 10, and 50 µg/mL, respectively, so the final concentration in each well was 0.1, 1, 5, and 25 µg/mL). Then, the IMDM medium (the negative control group) and ABMs-P and BMs solutions were added in the same way, then incubated at 37°C for 72 hours in a humidified environment containing 5% CO 2 .
Incubation-time study
First, 100 µL of Ara-C solution (the concentration of Ara-C was 10 µg/mL, so the final concentration of Ara-C was 5 µg/mL) was placed in each well, and the same volume was added of the IMDM medium (the negative control group) and the ABMs-P and BMs solutions. Then, they were incubated at 37°C for 24, 48, 72, 120, or 168 hours in a humidified environment containing 5% CO 2 . Six duplicates were performed of all assays. The absorption of each well was measured at 450 nm. The cell inhibition rate was calculated through the following formula:
where ODex is the absorbance of experimental wells, ODsb is the absorbance of sample blank wells, ODctrl is the absorbance of control wells, and ODb is the absorbance of blank wells.
Acridine orange/ethidium bromide (AO/EB) assays
First, 1 mL of the HL-60 cell suspensions (2×10 5 cells) was added to a 24-well plate and incubated for 4-6 hours at 37°C in a humidified environment containing 5% CO 2 . Then, 1 mL Ara-C solution (10 µg/mL) was placed in each well and incubated for 24 and 48 hours. IMDM medium, ABMs-P, and BMs solutions were treated in the same manner. The resultant cells were washed and resuspended with 100 µL PBS at 24 and 48 hours. The cell suspensions were mixed with 2 µL mixed dyes reagent (v 1 /v 2 =1), followed by staining for 2-3 minutes in the dark, and then they were recorded by the laser scanning confocal microscope (LSM710; Carl Zeiss Meditec, Jena, Germany).
Results and discussion
The characterization of ABMs-P BMs that were isolated from the AMB-1 cells possessed a uniform size distribution (Figure 2A) , and a clearly identified lipid membrane could be found around the surface of the BMs ( Figure 2B ). As Figure 3A and B show, ABMs-P was surrounded by thick nebulous material and appeared to have aggregated, which was consistent with the diameter of ABMs-P (74.9±8. 
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Ara-C-loaded genipin-PLGA-modified bacterial magnetosomes (42.0±8.6 nm). Compared with previous studies, [16] [17] [18] these findings suggested that Ara-C might attach to the PLGA on the BM lipid membrane. The zeta potentials of the BMs and ABMs-P were -28.8±7.6 mV and -30.5±6.6 mV, respectively, which indicated that both the BMs and ABMs-P were stable and could distribute well in the next drug release experiment.
FTIR spectra
The FTIR spectra are presented in Figure 4 . The main peaks for ABMs-P were similar to those of the BMs, with the typical Fe-O stretching vibration appearing to be at around 582 cm
It is noteworthy that a weaker absorbance at 3,439, 1,541, and 1,522 cm -1 was found in ABMs-P compared with the BMs. The cause of this is likely to be the reaction of amino groups on the ABMs-P. Furthermore, a stronger absorbance peak of ABMs-P at 1,734 cm -1 may have been due to the carbonyl on the structures of PLGA and Ara-C. Compared with the main peaks of Ara-C, absorption peaks at 1,273 and 1,281 cm -1 were assigned to ABMs-P and Ara-C respectively, while the BMs showed no absorbance peak. These data imply that Ara-C was successfully grafted onto the surface of ABMs-P. 
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Liu et al Figure 4 The FTIR spectrum of Ara-C, ABMs-P, and BMs. Abbreviations: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acid-modified bacterial magnetosomes; Ara-C, cytosine arabinoside; BMs, bacterial magnetosomes; FTIR, Fourier transform infrared.
Figure 5
Drug-loading and encapsulation efficiency of ABMs-P prepared with different cross-linking reaction time: (A) the second-step cross-linking reaction and (B) the first-step cross-linking reaction. Abbreviation: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acid-modified bacterial magnetosomes.
Drug-loading and encapsulation efficiency of ABMs-P
It is well known that increasing the drug-loading can facilitate the therapy. Figure 5 shows that a different crosslinking reaction time greatly influenced the drug-loading and encapsulation efficiency of ABMs-P. Figure 5A shows that both the drug-loading and encapsulation efficiency attained an optimal value, of 38.9%±2.4% and 64.1%±6.6%, respectively, when the first-step cross-linking reaction lasted for 72 hours and the second for 24 hours. A tendency for lower drug-loading and encapsulation efficiency was obtained when the second-step cross-linking reaction time was longer, which might be because the Ara-C was coupled to BMs through the chemical cross-linking reaction and physical absorption, and further small amounts of Ara-C were released because of surface absorption. 20 As Figure 5B shows, as in the case of the second-step crosslinking reaction time of 24 hours, both the drug-loading and encapsulation efficiency reached a maximum value when the first-step cross-linking reaction time was 72 hours. However, when the second-step cross-linking reaction lasted for 48 hours, both the drug-loading and encapsulation efficiency had a decreasing trend. This is because PLGA forms a gel on the surface of BMs through spontaneous coupling, and this further covers the function positions used to load the drugs originally. 16 In Figure 6 , an enhancement of the drug-loading and encapsulation efficiency can be seen with the increasing GP concentration, especially when the GP concentration increased from 0.05% to 0.1%. When the concentration reached 0.5%, it seems that the drug-loading process reached a balance. In a previous report, we found that better drugloading, of about 50%, was obtained by introducing PLGA with the chemical coupling reagent glutaraldehyde. 16 In comparison with that work, the preparation parameters we used were lower than those that had been reported. So 
Concentration of GP (w/v%)
Encapsulation efficiency Drug-loading Figure 6 Drug-loading and encapsulation efficiency of ABMs-P preparation with different GP concentrations. Abbreviations: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acidmodified bacterial magnetosomes; GP, genipin.
considering increasing the drug-loading by further adjusting the concentration and ratio of GP and PLGA.
In vitro release of Ara-C from ABMs-P As Figure 7 shows, the free Ara-C was released almost completely within 1 hour at 37°C, whereas ABMs-P compounds were significantly stable in PBS (pH 7.4) prepared at different cross-linking times. Figure 8A shows that the effect of the duration time on the release of Ara-C from ABMs-P in the second-step reaction was more obvious. When the first-step cross-linking reaction lasted for 72 hours, a slower release behavior could be observed, with the second-step cross-linking reaction lasting longer. The reason for this is that the longer the cross-linking reaction time is, the more thorough the chemical cross-linking reaction will be; therefore, Ara-C can link to BMs more closely, which extends the release period accordingly.
Cumulative release (%)
Time ( 
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Liu et al Figure 10 The effect of concentrations of Ara-C, ABMs-P, and BMs on the growth of HL-60 cells. Notes: *P0.05, **P0.01. Abbreviations: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acid-modified bacterial magnetosomes; Ara-C, cytosine arabinoside; BMs, bacterial magnetosomes. Figure 8B demonstrates that the first-step reaction time had no obvious influence on the release property, as more than 85% of the Ara-C was released within 40 days. Different GP concentrations also enhanced the release property ( Figure 9 ). Furthermore, drug burst release behavior was not found in the initial 0.5 hours. When the concentration of GP was 0.5% and 0.8%, ABMs-P had similar release properties, with 90% of Ara-C released from ABMs-P within 40 days. The reason for this is presumed to be the same as that for the second-step cross-linking time. Little investigation of the long-term release properties of BMs coupled with drugs was found in an earlier relevant research report, which mainly focused on short-term release. 16 In this report, we successfully constructed a magnetic targeting antitumor drug delivery system with long-term release behavior and no burst release effect.
Influence of ABMs-P on HL-60 cells in response to drug concentration
Structural modification may change drug efficacy significantly. In this report, we obtained the ABMs-P by cross-linking PLGA and GP. This is the key to evaluating the medical effects of the drug when coupled with BMs in the study, for example, to evaluating the inhibition of tumor cells. Figure 10 shows the influence of ABMs-P on HL-60 cells in response to drug concentration. In the 0.1-25 µg/mL concentration range, the inhibition rate of Ara-C, ABMs-P, and BMs showed a rising trend with an increase of drug concentration. In the case of low concentration (5 µg/mL), the inhibition rate of ABMs-P was lower than that of Ara-C, except at 0.1 µg/mL. This is because at the same concentration, the drug-loading of the ABMs-P complex was less than Ara-C, and the release time was limited; therefore, the release of the drug was insufficient to inhibit cell proliferation significantly. When the drug concentration reached 25 µg/mL, the inhibition rates of Ara-C and ABMs-P were similar; the effect of ABMs-P on the cell growth inhibition rate increased obviously to 95%, which was higher than that of the contrast group (BMs). Here, the inhibition rate of BMs was 48%, which is close to the findings of a previous study. 15 As Figure 11A shows, the control group, when incubated for 48 hours, showed a rapid proliferation, with characteristic round, translucent particles, moderate density, and good dispersion. Ara-C and ABMs-P both suppressed cell growth ( Figure 11B-D) . The HL-60 cells cocultured with Ara-C and ABMs-P exhibited a propensity for aggregating, with a mass of debris, while BMs and the control group showed no significant change, which indicated that 5 µg/mL ABMs-P had a certain cytotoxicity to HL-60 cells.
Influence of ABMs-P on HL-60 cells in response to incubation time
The BMs group maintained a high level of cell activity throughout 7 days (Figure 12 ). Both the Ara-C and ABMs-P group showed obvious cytotoxicity. The inhibition rate of ABMs-P was strengthened with the increase of incubation time. The activity of cells decreased to 32% on day 7 and was greater than that of the raw Ara-C drug. The reason for this is that the drug content released from ABMs-P was less than that from free Ara-C within 7 days and failed to meet the requirements of entire cell inhibition. While ABMs-P had a long-term release property, it can be predicted that the ABMs-P would continue to suppress the cell proliferation with the extension of time. The viability of the HL-60 cells treated by Ara-C increased after 5 days. The reason for this may be that the initial high concentration of Ara-C inhibited cell proliferation significantly, but failed to kill the cells completely. After 5 days, the concentration of the residual Ara-C was insufficient to exert an inhibitory effect on the surviving cells, which resulted in a new round of proliferation of the cancer cells.
Influence of ABMs-P on cell apoptosis
Apoptosis is physiological cell death controlled by a gene. At present, it is regarded as one of the most important indexes for evaluating the drug efficacy in inhibition of tumors. In this experiment, cell apoptosis of the tested samples cocultured with HL-60 cells for 24 hours (A, C, E, G) and 48 hours 
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Ara-C-loaded genipin-PLGA-modified bacterial magnetosomes Figure 11 Optical micrograph of HL-60 cells cultured for 72 hours (×100) with (A) fresh medium (control); (B) 5 µg/mL Ara-C; (C) 5 µg/mL ABMs-P; and (D) 5 µg/mL BMs. Abbreviations: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acid-modified bacterial magnetosomes; Ara-C, cytosine arabinoside; BMs, bacterial magnetosomes.
Figure 12
The effect of treatment times of Ara-C, ABMs-P, and BMs on the growth of HL-60 cells. Abbreviations: ABMs-P, cytosine arabinoside-loaded genipin-poly-l-glutamic acidmodified bacterial magnetosomes; Ara-C, cytosine arabinoside; BMs, bacterial magnetosomes.
(B, D, F, H), respectively, was observed by double staining. As Figure 13 shows, rapid cell proliferation was present in the control group, and almost no apoptotic cells could be found at 24 hours and 48 hours, and only a few appeared to be in early apoptosis. In the Ara-C group, most cells showed apoptosis by 24 hours, and we observed cell proliferation with the phenomenon of serious necrosis and apoptosis. Some cells also showed obvious lyses and had broken after 48 hours. In the ABMs-P group, parts of the cells were tending toward apoptosis at 24 hours, and when the coculture time was prolonged to 48 hours, cell proliferation increased, and the number of cells at the stage of late apoptosis and necrosis increased significantly. However, in the HL-60 cells treated with BMs, only a small number of cells showed late apoptosis, with a normal cell proliferation. These results are consistent with previous results. Due to the sustained-release property, the necrosis and apoptosis phenomena of the HL-60 cells cocultured with ABMs-P were no more obvious than those cocultured with the Ara-C.
In conclusion, because ABMs-P had long-term stability and sustained release behavior, it can reduce the frequency of drug administrations to a certain extent compared with Ara-C. In addition, 25 µg/mL ABMs-P achieved similar a inhibition rate with to the equivalent Ara-C, which suggests that less drug would be necessary to treat the disease. Therefore, the magnetic drug targeting system constructed in this study can have the desired drug effect and is expected to reduce adverse side effects as well as achieve sustained release in treatment.
Conclusion
This investigation demonstrated that the modification of BMs, using the natural cross-linking reagent GP to introduce PLGA, was successful. This modification provides more coupled sites to facilitate the construction of a magnetic targeting antitumor drug delivery system. The drug-loading and encapsulation efficiency of ABMs-P were 38.9%±2.4% and 64.1%±6.6%, respectively. Furthermore, ABMs-P exhibited a long-term release property: 90% of the loaded Ara-C released effectively from ABMs-P within 40 days, without an initial burst release. Moreover, the ABMs-P prepared in this study showed strong cytotoxicity to HL-60 cells, similar to Ara-C, which could make this an appropriate controlled long-term drug release system to ease the severe side effects of the drug. The introduction of dual cross-linkers would be a new approach for conjugating other drugs. However, it is necessary to conduct further investigations for a comprehensive understanding of this system. It is essential to evaluate the biocompatibility of BMs, and the pharmacokinetics and administration routes of ABMs-P. As well, some problems still need to be solved, for example, ABMs-P has a propensity to aggregate, which might increase the difficulty of drug absorption. This new system shows potential for promising applications in future drug delivery systems, especially in magnetic targeting treatment.
